Antibacterial agents affect mitochondria and chloroplasts of eucaryotic cells. These organelles are semiautonomous (with their own DNA and protein synthesis apparatus) and appear to be of eubacterial origin (9, 10, 13, 21) . We previously demonstrated that chloroplasts of the flagellate Euglena gracilis are susceptible to antibacterial agents and other biologically active compounds (3, (6) (7) (8) (9) (10) . In contrast to the higher plants, chloroplasts in E. gracilis are not essential, thus placing this unicellular eucaryotic microorganism on the boundary between the plant and animal kingdoms. The antichloroplastic activities of various drugs on E. gracilis are macroscopically manifested by the permanent loss of the ability to form green colonies, with cells changing from autotrophy to heterotrophy and becoming white (bleaching). As determined by electron microscopic evaluation, bleaching is associated with degradation and loss of chloroplasts (3, 24 ; J. Polonyi, L. Ebringer, J. Krajcovic, and K. Kapeller, Z. Mikroskop.-Anat. Forsch., in press).
Quinolones and coumarins are antibacterial agents that belong to the group of inhibitors of procaryotic topoisomerase II (DNA gyrase). Quinolones are a rapidly expanding class of agents with promising properties for the treatment of infectious diseases (15, 16, 22, 28, 30) . Nalidixic acid belongs to the group of subunit gyrA DNA gyrase antagonists (quinolones), and its effect on Euglena chloroplasts has been extensively evaluated (5, 14, 19, 20, 23) . Exposure to nalidixic acid causes bleaching and loss of chloroplast DNA at concentrations of drug which do not affect the viability of cells. From the group of inhibitors of subunit gyrB DNA gyrase (coumarins), novobiocin has also been found to be a bleaching agent (6) .
We now present studies evaluating the effect of additional, more potent antagonists of DNA gyrase on chloroplasts of E. gracilis under various experimental conditions. * Corresponding author.
MATERIALS AND METHODS
Organism and cultivation conditions. E. gracilis (Klebs) Z (Pringsheim) was water baths at the indicated temperatures and light conditions. At 24-h intervals (unless otherwise specified), 0.2 ml of culture was diluted to about 300 colonies per plate and spread in top agar (0.8% agar, 42°C) on agar plates (1.2% agar). Cells were diluted in CM medium supplemented with 0.5% sodium acetate, which was also the medium used for top agar and agar in plates.
Evaluation. E. gracilis cells formed discrete green, white, and exceptionally mosaic or ringlike colonies which were analyzed after 14 days of cultivation in light at 27°C. Each experiment was done at least five times. All data in each experiment were obtained on duplicate wells, and the means were calculated.
Transmission electron microscopy. E. gracilis colonies were processed for transmission electron microscopy as previously described (24) . Briefly, colonies were fixed in 3% glutaraldehyde, postfixed in 1% OS04, dehydrated in ethanol, and embedded through propylene oxide in Durcupan ACM (Fluka AG). Ultrathin sections were stained with uranyl acetate and lead citrate and examined in a Tesla BS 500 transmission electron microscope.
RESULTS
Chloroplast elimination under optimal growth conditions. Inhibitors of the gyrA subunit (quinolones) and gyrB subunit (coumarins) of DNA gyrase were effective in eliminating chloroplasts from E. gracilis. The time courses of chloroplast elimination by quinolones and coumarins under conditions near optimal growth conditions (growth medium, pH 7, 27°C, exposure to light) are shown at Table 1 . Two concentrations of each drug are presented. The higher concentration is the minimal one, inducing 100% white cells after 24 h of treatment. The lower concentration, half of the former (usually), induced 100% chloroplast-free cells only after several days of treatment of E. gracilis, if at all. The most potent antichloroplastic agent from the group of older quinolones was oxolinic acid, which was more than one order of magnitude more effective than nalidixic acid and cinoxacin. Among the new quinolones, ofloxacin and ciprofloxacin were the most potent antichloroplastic agents. From the group of coumarins, the most potent substance was coumermycin A1. Under conditions which did not induce 100% formation of white colonies, green, white, and mixed colonies (i.e., mosaic or ringlike colonies with a center greenand-white ring that yielded about 10% of white colonies) were seen. Clorobiocin and novobiocin were much weaker bleaching agents than was coumermycin A1.
In all drug-free and diluent controls grown under otherwise identical conditions no chloroplast elimination was detectable.
All the quinolones analyzed produced 100%o chloroplastfree cells at concentrations which did not practically affect cell viability. Figure 1 shows a growth curve of control cells and cells treated with ofloxacin, as a representative of the quinolones. Even the very high concentrations of all the quinolones (3 to 4 mg/ml) did not yield results (in either bleaching activity or effect on cell viability) substantially different from those obtained with the minimal concentrations that induced 100% bleaching of E. gracilis cells after 24 h of treatment (Table 1) . Coumarins were more toxic than quinolones, depending on pH.
Antichloroplastic activities of DNA gyrase inhibitors under nondividing conditions. Table 2 shows the course of chloroplast elimination from E. gracilis induced by DNA gyrase inhibitors under resting conditions. The bleaching activities of different quinolones and coumarins under other nondividing conditions (incubation in growth medium at 37°C or simultaneous treatment with cycloheximide at 27°C) were very similar to those in resting medium. New quinolones and coumermycin A1 eliminated chloroplasts under all these nondividing conditions, although at lower efficiencies. The older quinolones, clorobiocin, and novobiocin did not exhibit their antichloroplastic potencies (Table 2; see Table 4 ). There was only a small and slow decrease in cell counts in both drug-free controls and drug-treated cells in resting medium. This decrease was without any significant and consistent differences, as shown in Fig. 1 for ofloxacin as a representative of the quinolones. Coumarins were again more toxic, depending on pH. The drug concentrations in Table 2 are higher than those given in Table 1 generally decreased efficiency of these agents in eliminating chloroplasts under nondividing conditions. Of course, at these higher concentrations chloroplast elimination from dividing cells was 100% (except with clorobiocin and novobiocin).
In all drug-free controls there was again no chloroplast elimination under these nondividing conditions. Effect of pH. E. gracilis can grow at a relatively broad pH range (3.0 to 9.0) under otherwise identical conditions. There were no significant and consistent differences in the growth rates of cells in CM medium throughout this pH range. Quinolones and coumarins, except novobiocin, generally eliminated chloroplasts most effectively at neutral or slightly alkaline pH (7.0 to 7.6). The more the pH of the medium differed from neutral values (particularly in the acid range), the lower generally were the quinolone bleaching effects. For instance, ofloxacin at pH 3.5 and at concentrations such as 1 mg/ml was not able to induce 100% white colonies after 24 h of treatment (only 40% bleaching was produced); 100% induction of white progeny was observed only after 4 days of treatment by that high concentration under otherwise optimal conditions. Lower drug concentrations did not induce 100% bleaching at this acid pH even after 8 days of treatment. Although there were less-pH-dependent variations in antichloroplastic activities among different quinolones, they never were profound, and cell viability was practically unaltered. In contrast, for the coumarins, changes in pH had varied effects on bleaching and cell viability. For clorobiocin and coumermycin A1, antichloroplastic activity and toxicity were both apparent at alkaline pH but minimal in the broad acidic pH range (if apparent at all), while the opposite was found for novobiocin. For instance, clorobiocin at pH 7.0 was the most efficient antichloroplastic agent at a concentration of 150 ,ug/ml (Table 1) . At a concentration of 250 ,ug/ml, its bleaching activity was 20% lower and cell viability also was decreased. The lethal concentration for E. gracilis after 24 h of treatment was 500 jig/ml. The antichloroplastic activity of clorobiocin at pH 8.0 was the highest at a concentration of 250 ,ug/ml (90% bleaching after 8 days of treatment). The concentration of 150 ,g/ml exhibited 70% lower activity, and 500 jig/ml was the lethal concentration, 1 and 3), again without any decrease in cell viability. In contrast, for novobiocin 25 ,ug/ml was the lethal concentration at pH 3.5 after 3 days of treatment, and 12.5 ,ug/ml induced only 40% bleaching after 8 days of treatment. However, at pH 8.0 1 mg/ml did not decrease cell viability, inducing 10% bleaching after 8 days of treatment. Effect of temperature. A comparison of chloroplast eliminations from E. gracilis under conditions of pretreatment of cells by short heat shock (42°C for 10 min) versus incubation at 27°C only (in growth medium at pH 7.0, with illumination) is presented in Table 3 . In contrast to the earlier experiments, differences were seen for only shorter times of drug exposure. Pretreatment of cells by heat shock delayed the onset of the antichloroplastic effects of all the quinolones and coumermycin A1. In the case of clorobiocin and novobiocin, owing to a requirement of several days of exposure to induce bleaching, differences between heat-treated and control cells were not observed. In the control cells, the first white colonies were detected by 5 h (1 to 24%, depending on the drug). After 2 h of treatment with DNA gyrase inhibitors, only green progeny were produced. After 15 h of treatment, 53 to 89% of colonies were bleached. Because in the case of permanently elevated temperature (37°C) there is no growth in E. gracilis culture, these results are included in the section on antichloroplastic activity under nondividing conditions. Effect of simultaneous treatment by chloramphenicol and rifampin. Chloramphenicol and rifampin, inhibitors of eubacterial protein synthesis and RNA synthesis, respectively, reduced the bleaching activity of the analyzed DNA gyrase inhibitors slightly (Table 4) in comparison with cycloheximide (an inhibitor of eucaryotic protein synthesis), except for cinoxacin. In all controls, no chloroplast elimination was detectable.
Effect of darkness. Chloroplast elimination under dark conditions was retarded, being generally 10 to 30% lower than that under conditions of illumination.
Transmission electron microscopy. The ultrastructural changes seen in E. gracilis cells after treatment with DNA gyrase inhibitors are illustrated in Fig. 2 . In the green E.
gracilis control, large chloroplasts located primarily in the cell periphery were dominant ( Fig. 2A) . In contrast, ultrastructure studies revealed no chloroplasts in the cytoplasm of drug-treated E. gracilis (Fig. 2B ). There were no significant and consistent differences in the ultrastructures of cells treated with the different DNA gyrase inhibitors. The chloroplasts were replaced with vacuolar structures or paramylon grains. Apart from that, structurally transformed mitochondria were also sometimes observed. The bleached cell (Fig. 2B) was characteristic of the population of cells scanned.
DISCUSSION
We have shown that all the quinolones and coumarins analyzed were able to eliminate chloroplasts from E. gracilis (Tables 1 and 4 ). However, many but not all antibacterial agents exhibit such an antichloroplastic potency (6, 7, 9) . In both groups of DNA gyrase inhibitors the most potent antibacterial drugs tended to be the most potent antichloroplastic agents. New quinolones were generally more efficient eliminators of euglena chloroplasts (ofloxacin > ciprofloxacin > enoxacin > > norfloxacin) than were older derivatives (oxolinic acid > nalidixic acid > > cinoxacin). An exception was oxolinic acid, which was a highly potent bleaching agent, although only under dividing conditions. The order of antichloroplastic activities in the coumarin group was coumermycin A1 > clorobiocin > novobiocin.
Quinolones and coumarins (except novobiocin) induced chloroplast-free E. gracilis cells most effectively when dividing cells were exposed in the presence of light at 27°C at neutral or slightly alkaline pH. Under these conditions, the quinolones and coumermycin A1 induced the complete inability of originally green cells to form green colonies by 24 h of drug exposure (Tables 1 and 3) . Deviations from the above-mentioned experimental conditions decreased or in some cases completely blocked the ability of quinolones and coumarins to eliminate chloroplasts (Table 4 ). In addition, under certain conditions, other profound differences among (Table 2) , hyperthermic conditions (37°C), or cycloheximide (Table 4) , only new quinolones and coumermycin A1 exhibited antichloroplastic activity, although this activity was somewhat less than with growing cells. That these agents are able to eliminate chloroplasts from both growing and nongrowing cells suggests the presence of more than one mechanism of chloroplast antagonism, as has been suggested for killing of bacteria by ciprofloxacin and ofloxacin (16, 26, 28, 31) and even norfloxacin (27) based on similar types of studies. These findings are also remarkable in that previously evaluated antibiotics eliminated E. gracilis chloroplasts only from growing cells (6) (7) (8) (9) . In contrast, mutagens and carcinogens eliminated chloroplasts from either growing or nongrowing cells (3, 8, 9) . We recently identified differences between DNA gyrase inhibitors and classical mutagens in their action on E. gracilis chloroplasts. Mutagens eliminate Euglena chloroplasts more rapidly (in minutes to hours) and only at neartoxic concentrations. Nonmutagenic antibacterial agents require longer periods (1 to 4 days) for induction of 100% bleaching; however, they exhibit this antichloroplastic activity in concentrations which do not affect cell viability. In addition, heat shock and hyperthermia stimulate the bleaching activity of some mutagens (3) while antagonizing this effect of quinolones and coumermycin A1 (Tables 3 and 4) . Exposure to coumermycin A1 results in growth of not only green and white colonies but also mosaic or ringlike colonies. Such mixed colonies are only sometimes induced by exposure to other DNA gyrase antagonists but are commonly seen after exposure to mutagens and carcinogens (3) .
From an evolutionary viewpoint, the correlation between antibacterial and antichloroplastic activities of DNA gyrase antagonists represents additional data suggestive of a close relationship between eubacteria and chloroplasts (9, 10, 13, 21) . In agreement with this possibility are the observations that inhibitors of eucaryotic topoisomerase II (etoposide, teniposide, adriamycin, and mitoxantrone) do not eliminate chloroplasts from E. gracilis (data not shown).
The putative targets for DNA gyrase antagonists in chloroplasts are likely similar to those found in eubacteria. DNA gyrase activity was recently also detected in chloroplasts (18, 29) . The apparent molecular weights and dual bands of the putative chloroplast topoisomerase II suggest that the protein may be similar to a bacterial gyrase type II enzyme with two subunits (25) . The amount of enzyme per chloroplast is highest at the time when chloroplast replication is maximal.
The facultative nature of chloroplasts in E. gracilis cells makes this flagellate an object for the study of antibacterial agents in vivo. It appears to be suggestive for an evaluation of their antibacterial potencies in vivo (2, 11) . In this context the close resemblance of the orders of antichloroplastic activities of quinolones and their activities against Chlamydia trachomatis (17) are also very interesting because these pathogens are obligate intracellular parasites and chloroplasts are supposed to be eubacterial endosymbionts of plant cells. On the other hand, the study of the action of antibacterial chemotherapeutic agents on E. gracilis could help identify some side or latent effects of analyzed substances on the eucaryotic cell itself. DNA gyrase inhibitors may also antagonize eucaryotic cells, including human cells (12) , possibly by inhibition of a DNA gyrase-like enzyme in mitochondria (1) . Recently, we demonstrated that quinolones and coumermycin A1 also affect the mitochondria of E. gracilis (Pol6nyi et al., in press ).
In conclusion, the quinolones and coumarins are potent eliminators of chloroplasts from E. gracilis. The study of their antichloroplastic activities under a broad spectrum of experimental conditions has revealed several remarkable differences among DNA gyrase inhibitors. We point out again that the flagellate E. gracilis, with its facultative chloroplasts, could be a sensitive model for an evaluation of the activities of various antibacterial agents.
